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ABSTRACT 

Pore-scale simulations of flow and transport through a filter were used to predict clean-bed filtration of 
nanoparticles from a 3D image of the filter. X-ray micro-computed tomography was used to obtain the 
geometry and topology of the filter consisting of flattened half-spherical collectors. A Lattice-Boltzmann 
method was used to model fluid flow and particle transport in the volumetric image of the filter. Nanopar- 
ticles are considered that are so small that diffusion, as compared to the processes of gravitational 
settlement and interception, dominates particle deposition. A correlation equation is determined for 
the average collector efficiency for diffusion through regression analysis performed for a set of numerical 
breakthrough experiments for a range of suspended particle sizes and Darcy velocities. This correla- 
tion quantifies the collector size by the surface average equivalent sphere diameter. The newly derived 
correlation agrees well with experimental data. 

© 2010 Elsevier B.V. All rights reserved. 

1. Introduction 

Nano-sized particle transport provides solutions, concerns 
and potential hazards. For instance, the use of manufactured 
nanoparticles in groundwater remediation is a new and promising 
technology [15,47]. The discharge of nanoparticles during reme- 
diation, however, poses a potential risk to public health |25,36|. 
Moreover, the transport of viruses/pathogens with sizes on the 
order of nanometers in saturated porous media is receiving more 
and more attention [34,3,37]. These facts demonstrate the need 
to investigate the fate and transport of nanoparticles, including 
particle deposition, in natural and engineered porous media. 

Particle deposition has been conceptualized to occur in two 
steps [13,12]: (1) transport of the suspended particles to a collec- 
tor surface by advection and diffusion as quantified by the collector 
efficiency r/o [-]; and (2) attachment of the particles to the collector 
surface by interaction forces as quantified by the collision efficiency 
a [-]. One can use a and t}0 to model the deposition term in the 
following macro-scale equation for particle transport in a sphere 

* Corresponding author. 
E-mail address: longwei.usa®yahoo.com (W. Long). 

0927-7757/$ - see front matter © 2010 Elsevier B.V. All rights reserved. 
doi:10.1016/j.colsurfa.2010.01.043 

packing during clean-bed filtration [17]: 

|p + V . (vc) = V • (DmVc) - 1 i^.arj0\v\c :D 

where c [kg/m3] is the particle concentration, t is the time, v [m/s] 
is the pore-water velocity, Dm [m2/s] is a tensor that accounts 
for hydrodynamic dispersion and molecular diffusion, e |-[ is the 
porosity, and dc [m] is the grain (collector) diameter. The first term 
on the left hand side of the equation describes particle accumula- 
tion. The second term describes advective transport. The first term 
on the right hand side of the equation describes particle transport 
that does not occur with the mean pore-water velocity, and the 
second term describes particle deposition. 

Because of the computational cost of pore-scale simulations of 
particle transport in a representative elementary volume (REV) of 
a filter, unit-cell approaches have been traditionally employed to 
derive correlation equations for i/o- Such unit-cell approaches, for 
example, represent a filter of spherical collector particles by(l)an 
isolated spherical collector that is surrounded by a laminar flow 
field of infinite extent [45|, or (2) Happel's sphere-in-cell model 
[ 19], a single collector that is surrounded by an imaginary spherical 
shell in which laminar flow takes place with hypothetical boundary 
conditions for fluid velocity and particle concentration [33,40]. 

The aforementioned unit-cell approaches have the following 
shortcomings: 
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Nomenclature 

List of symbols 
c particle concentration (kg/m3) 
c„ distribution function for particle concentration 
dc diameter of collectors (m) 
dp diameter of particles (m) 
Dc surface average equivalent sphere diameter (m) 
Dm diffusion/dispersion tensor (m2/s) 
Dp particle diffusion tensor (m2/s) 
fn distribution function for fluid density 
8 gravitational acceleration (m/s2) 
k Boltzmann constant (J/K) 
L height/length of the column (m) 
NPe Peclet number 
NR interception number 
P pressure (Pa) 
Sc surface area of a collector (m2) 
At time step (s) 
r temperature (K) 
u superficial velocity or Darcy velocity (m/s) 
V pore-water velocity (m/s) 
va Ax/At (m/s) 
Vc collector volume (m3) 
Ax lattice spacing (m) 
a collision efficiency 
no collector efficiency 
no diffusion collector efficiency 
Y]C0TT collector efficiency from correlation (16) 
Isim collector efficiency from numerical simulations 
tfexp collector efficiency from experiments 
£ porosity 
V kinematic viscosity (m2/s) 
a surface charge density (n.C/cm2) 
PP particle density (kg/m3) 

Pf fluid density (kg/m3) 
Tf.Tc relaxation times for fluid and particles, respectively 

1. Correlation equations based on single-collector approaches do 
not accurately account for the complex flow and concentration 
fields in real porous media, because real pore geometries and 
topologies are much more complicated than those of unit cells. 

2. Even if a correlation equation based on a single-collector model 
is deemed to be sufficient, existing single-collector models are 
limited in their ability to describe filtration in packings of non- 
spherical collectors, with a notable exception in which [35] used 
a unit-cell approach to study the influence of collector shape and 
roughness on 7/o- 

In order to better represent the topology of a filter pore space, 
simulations in pore networks have been used to investigate filtra- 
tion in porous media [6,38], These simulations partition the pore 
space into smaller elements (pore bodies and pore throats) and 
simulate transport in each of these elements using simple alge- 
braic rules for the incoming and outgoing particle concentrations. 

It is, however, difficult to make quantitative predictions from a 3D 
image of a porous medium using current pore-network modeling 
approaches for particle filtration, because they do not represent the 
topology of the porous medium. 

Due to continuously increasing CPU speeds and the availabil- 
ity of massive parallel computers, Lattice-Boltzmann (LB) methods 
[43,10] have become attractive for performing pore-scale simula- 
tions of a broad range of transport phenomena in porous media. 
The LB method addresses complex pore geometries within parallel 
computational platforms, which in turn allows the simulation of 
large domains. LB methods have been used to simulate fluid flow 
(e.g. [30]) and small particle transport (e.g. (23|) in porous media. 

Few LB studies have, however, investigated filtration. Przekop 
et al. [32] studied particle deposition in fibrous filters. Lin and 
Miller [26] investigated the flow field during filtration. Baumann 
and Werth [4] compared flow paths and particle velocities in a 
micro-model to a 2D LB model. Chen et al. [7] studied the per- 
meability reduction due to colloid deposition by combining X-ray 
tomography and pore-scale LB simulations. Long and Hilpert [27] 
developed a correlation equation for an average single-collector 
efficiency for clean-bed filtration in sphere packings. 

The objective of this paper is to demonstrate that pore-scale 
simulations (and in particular an LB method) of flow and transport 
can be used to predict clean-bed filtration of nanoparticles from 
a 3D image of the filter, which consists of collectors that are too 
non-spherical to apply correlation equations for >/o that have been 
developed for spherical collectors (e.g. |33,40.27]). For instance, 
clay particles are not spherical, and sand and gravel particles are 
not perfect spheres. Also manufactured filters do not always consist 
of spherical collector particles. This work considers collectors that 
resemble flattened half spheres. We will further consider filtration 
of nanoparticles that are so small that diffusion, as compared to the 
processes of gravitational settlement and interception, dominates 
particle deposition. Hence, rjn can be approximated by the diffusion 
collector efficiency r)D. In the experimental portion of this paper, (1) 
a column filled with flattened half spheres is imaged using X-ray 
micro-computed tomography to obtain the geometry and topol- 
ogy of the packing in 3D, and (2) clean-bed filtration experiments 
are performed in this column using nanoparticles. In the theoreti- 
cal portion of the paper, (1) a LB method is used to model particle 
transport in the 3D image of the filter, (2) a correlation equation for 
IJD for nanoparticle filtration is developed from a regression anal- 
ysis of a set of numerical breakthrough experiments, and (3) the 
prediction of the correlation equation is compared to the column 
experiments obtained fora = l. We also comment on the column 
experiments that were performed under unfavorable attachment 
conditions, a< 1. 

2. Experimental methods 

2.1. Particle suspension 

For the nanoparticles/suspensions, we used four types of 
surfactant-free polystyrene latex particles (Interfacial Dynamics 
Corporation, Portland, OR), each of which has a relatively uniform 
size distribution (see Table 1). The 120-nm Latex A particles con- 
tain amidine groups on their surfaces, and therefore, have a positive 

Table 1 
Some properties of the nanoparticles used in our experiments. 

Label Diameter fromTEM by manufacturer Diameter from PCS from our measurements Surface charge density, o 

Latex A 120 ± 17nm 
Latex B 19 ±3nm 
Latex C 43 ± 7 nm 
Latex D 93 ± 5nm 

134nm 
28 nm 
57 nm 

109 nm 

+8.1 p£/cm2 

-2.4 u.C/cm2 

-1.7u.C/cm2 

-2.2 u.C/cm2 
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surface charge density a. The Latex B. C, and D nanoparticles con- 
tain sulfate groups and have negative surface charge densities in 
the entire pH range used in this study. The particle density pp 

is 1.055 g/cm3 for all particles as reported by the manufacturer. 
Particle diameters were measured by the manufacturer using trans- 
mission electron microscopy (TEM). These values, however, are 
smaller than the ones obtained in this study, which uses photon 
correlation spectroscopy (PCS) of suspensions of the nanoparticles 
in distilled water (Brookhaven Instruments Corporation). In PCS, 
the hydrodynamic diameter dp is inferred from the measurement 
of the mean diffusion coefficient of the suspended particles and the 
Einstein-Stokes equation. We used the particle sizes determined by 
PCS as model inputs due to their relevance to particle transport in 
aqueous phase. 

22. Porous media 

About uniform-sized non-spherical beads with an approxi- 
mate shape of flattened half spheres (supplied by Atofina/Arkema 
chemical company) are used as the collectors in the deposition 
experiments. The about half-sphere shape is due to the manufactur- 
ing process, during which soft spherical PVDF beads, created from 
a PVDF melt, deformed and flattened due to the action of gravity 
before complete solidification. The beads are made of polyvinyli- 
dene fluoride (PVDF, Kynar@ 460). Polyvinylidene fluoride resin 
was chosen due to its relevance in environmental technology such 
as membrane-based water treatment. The density of the PVDF 
beads measured by the manufacturer is 1.688 g/cm3. The size in 
the largest dimension is about 5 mm. The surface charge of the 
PVDF beads was not determined in this study but is expected to be 
slightly negative according to streaming potential measurements 
on a microfiltration membrane, which was fabricated from simi- 
lar materials, in distilled water [24]. A X-ray photon spectrometry 
(XPS) analysis was conducted and showed that the surface com- 
position of Kynar@ 461 (powder form of Kynar@ 460) is almost 
exclusively C2H2F2. Oxygen is not detected at a noticeable level, 
indicating the absence of hydroxyl or other oxygen-containing ion- 
izable groups on the surfaces of the beads. The beads were rinsed 
extensively with ultrapure water generated by a MilliQ. water 
system (Millipore) before the filtration experiments. In order to 
explore favorable chemical conditions (a= 1) for Latex A particles, 
deposition experiments were also performed using PVDF beads 
which were immersed in a solution with sodium dodecyl sulfate 
(SDS) for 4 h, and the results were compared to experiments using 
PVDF beads without SDS coating. 

2.3. Solution chemistry 

In all of the experiments, the buffer solution consists of 1 mM of 
CaCl2 to control ionic strength, and 0.1 mM of NaHCC>3 to maintain 
the pH at 7.5. For the tracer breakthrough experiments, NaN03 is 
added at a concentration of 0.1 mM as a tracer. All chemicals used 
are reagent grade. 

2.4. Deposition experiment 

A cylindrical column with an inside diameter of 2.54 cm and a 
height of 29.3 cm is used in the deposition experiments. Fresh PVDF 
beads are densely packed in this column prior to each experiment. 
The measured average porosity of the entire bead packing was 43%. 
Particle suspensions with a concentration of 2 mg/L were prepared 
by adding latex stock suspensions to the aforementioned buffer 
solutions and sonicating them for 1 h to break up any aggregates. 
Aggregation of latex particles at different calcium concentrations 
was studied in a series of jar tests. Addition of 1 mM of CaCl2 did 
not cause noticeable turbidity increase in the time frame of the fil- 

tration experiment, indicating stability of the particles with respect 
to aggregation. The packed column was first flushed with five pore 
volumes of ultrapure water, followed by flushing with another five 
pore volumes of the buffer solution. Then the latex suspension was 
pumped through the column. The effluent particle concentration 
was continuously monitored by a UV spectrophotometer equipped 
with a flow-through cuvette (Shimadzu UV-160). Linear correla- 
tions between particle/tracer concentration and UV absorbance at 
a wavelength of 220 nm (for particles) and 305 nm (for tracer) were 
determined in preliminary experiments. The influent was switched 
to the buffer solution after 3-5 pore volumes of the particle suspen- 
sion. The filtration experiment was finally stopped after flushing 
with another 3-4 pore volumes of buffer solution. Three different 
flow rates were employed in the filtration of positively charged par- 
ticles: 6.2, 3.2, and 1.5mL/min, corresponding to Darcy velocities 
of 17.6,9.1,4.3 m/d, respectively. For the negatively charged parti- 
cles, we tested the same three flow rates. The differences in effluent 
concentration for these three flow rates were, however, relatively 
small such that we could not observe how flow rate affects par- 
ticle deposition. To better resolve this dependency, we used flow 
rates of 6.2,1.5 and 0.37 mL/min, corresponding to Darcy velocities 
of 17.6, 4.3 and 1.1 m/d, respectively, for the negatively charged 
particles. Note that the Darcy velocities used in the experiments 
are higher than those typically observed for groundwater flow, 
but they can be representative for filtration during water treat- 
ment. During each filtration experiment, the flow rate remained 
constant. All experiments were conducted at room temperature, 
25 °C. 

2.5. Micro-computed tomography 

We obtained high-resolution volumetric images of the filtration 
column by using non-destructive X-ray micro-computed tomogra- 
phy, as used in many other areas, including soil science |2| and 
hydrology [42]. We used a microfocus X-ray computed tomogra- 
phy (MXCT) system. Our MXCT produces polychromatic X-rays 
with an acceleration potential ranging from 10 to 225 keV and 
an electrical current ranging from 0 to 3 mA. During a CT scan. 
X-rays are projected from a cone-beam onto and through the sam- 
ple, which is located between the X-ray source and the detector 
(a charge-coupled device or CCD). The sample is rotated by 360 
at predetermined angular increments. X-ray attenuation depends 
on the sample density, atomic number, and column diameter. Pro- 
vided a sufficient number of X-rays pass through the sample to the 
detector, a series of two-dimensional (2D) horizontal images (or 
CT "slices") are produced using the Feldkamp algorithm [16) from 
the X-ray attenuation data, which was collected at 2400 angular 
increments during sample rotation. These 2D images, which are 
accurately aligned in the vertical dimension, are converted into a 
volumetric image during post-processing. The cone-beam captures 
the full diameter of the sample column, but because the height of a 
sample column is often longer than the diameter of the X-ray beam, 
the sample is translated vertically and scanned again. The process 
of translating the sample vertically and then scanning it is repeated 
until the desired sample length is imaged. 

3. Theoretical methods 

3. 1. Simulation of fluid flow by the LB method 

To simulate filtration, first the fluid velocity field is determined. 
At the pore scale, the Navier-Stokes equation. 

3v    .   -. 1   ^ ,=,2-      - — Vp + uV v + g 
Pf 

(2) 
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describes fluid flow, where v is the pore-scale velocity field, p |Pa] is 
pressure, v[m2/s] is the kinematic viscosity, p/[kg/m3| is the fluid 
density, andg [m/s2l is the gravitational acceleration vector. 

The LB method represents the fluid particles by quasi particles 
that travel along a typically regular numerical lattice and collide at 
the lattice nodes. We used the LB model described in [22| for solv- 
ing the Navier-Stokes equation (2) numerically. This model uses a 
three-dimensional cubic lattice with 15 velocity vectors (a D3Q15 
model with 6 velocities along the lattice axes, 8 along the space 
diagonals, and 1 zero vector for rest particles). The LB equation for 
single-phase flow can be written as 

/n(x, + e„, t + 1) -/„(x,. t) = Qn (3) 

where/n is the distribution function for the fluid, Q„ is the collision 
term, and n = 0 14 specifies the velocity vector. The left hand 
side of Eq. (3) describes the travel (streaming) step, and the right 
hand side describes the collision step. We use a single-relaxation- 
time model for the collision term: 

^n=^-|/n°)(X,.t)-/„(xj,t)] (4) 

where T{ is the relaxation time of the fluid which is related to the 
fluid viscosity by 

= -    3    v 

'     1       Axv0 

v0 = Ax/At, Ax is the lattice spacing. At is the time step. 

f(0) _ 
Jn     — YnP 1 + 3V • e„ 

Q   a 2 3=2 

2V 

(5) 

(6) 

is the equilibrium distribution function for the fluid, yo = 2j9, 
y„-l/9 for n-1  6,  y„ = \l72  for 7   14,  P=Yl]lcJi 
is the nondimensional fluid density, which is related to the 

nondimensional pressure by P = p/3, and V = X^=o/i^//' 's tne 

nondimensional fluid velocity. See the appendix in [22] for a deriva- 
tion that shows that the LB method simulates fluid flow fields which 
satisfy the Navier-Stokes equation. 

In a LB simulation, one can induce flow by applying either a body 
force or a pressure gradient [8,10]. A body force requires periodic 
boundary conditions which do not occur in the experiment. We 
generate a 0.1% pressure (density) difference between the inlet and 
the outlet to induce flow. Fluid flows in the vertical direction, i.e. 
upward. The velocity field is then retrieved from the simulations at 
steady-state. This velocity field is used as an input to the particle 
transport model described next. 

32. Simulation of particle transport and deposition by the LB 
method 

An advection-diffusion equation [11] describes particle trans- 
port at the pore scale 

+ V(Dc) = V(DpVc)-V( ^c 
DpF 

(7) 

where k [J/Kl is the Boltzmann constant, T [K] is the absolute tem- 
perature, f [N] is the external force on the particles (e.g. gravity 
and DLVO forces), and Dp (m2/s| is the particle diffusion tensor. 
In our simulations, gravity is the only external force. We do not 
account for the lubrication effect [31 ] and anisotropic diffusion [ 11, 
both of which are accounted for in the correlation equation by [40) 
for clean-bed filtration in sphere packings. Even though this latter 
correlation was developed for sphere packings, we could actually 
use it to estimate the effects of lubrication and anisotropic diffu- 
sion on particle transport in our packings of flattened half spheres. 
We found that these effects should affect r/o only marginally [27|. 

As we do not account for anisotropic diffusion, the diffusion ten- 
sor becomes a scalar quantity which can be estimated from the 
Einstein-Stokes equation. 

n k'l 

3rrpfVdp 
[8) 

where dp [m] is the diameter of the suspended spherical particles. 
Our LB method uses the same numerical lattice for particle 

transport as is used for modeling fluid flow (D3Q15). The LB equa- 
tion for particle transport is 

C„(x, + e„, r + 1) - Cn(x,.. t) = -!-[cl0)(x,., f) - C„(x,. t)] (9) 

where Cn [-[is the distribution function for the suspended particles. 
and rc [-] is the relaxation time for the suspended particles which 
is related to the lattice Peclet number Pec by 

1 D 
Pec      Axf0 

(10) 

If the external force in Eq. (7) accounts for gravity and buoy- 
ancy, then the nondimensional advection-diffusion equation can 
be approximated by the LB equation (9) with an equilibrium distri- 
bution function given by [27| 

Cn
0) = p„cl\+3en{V + Vs)] (11) 

where ft) = 2/9, /3n = 1/9 for n = l 6. /8„ = 1/72 for n = 7 14, 

c = X]^=oc" His tne nondimensional particle concentration. 

(/Qp-p/)gdp 

18p/w0 
(12) 

is the nondimensional particle settling velocity, and pp |kg/m3] is 
the particle density. 

Through a Chapman and Enskog expansion, we can show that 
the concentration fields obtained from the LB equation (9) with the 
equilibrium distribution functions given by Eq. (11) do approximate 
the ones from the nondimensional advection-diffusion equation 
[20]. Moreover, our modeling approach [27] accounts for all of the 
three transport mechanisms, diffusion, interception and gravita- 
tion, which according to [45], contribute to particle filtration. 

3.3. Development of a correlation equation for nD 

We performed numerical column breakthrough experiments in 
the 3D pore structure of the volumetric X-ray CT image and inferred 
no from the steady-state effluent concentration cout- We first sim- 
ulated the steady-state pore-scale velocity field in the scanned 
porous medium. Then, we used this velocity field as an input to our 
LB model for particle transport. We applied the Dirichlet boundary 
condition at the inlet of the column, c(x, y. z = 0, t) = c,-„, where 
c,„ is the concentration of the suspended particles injected into 
the column. At the outlet, we used the Neumann boundary condi- 
tion, 3c(x,y, z = l, t)ldz = 0. The perfect-sink boundary condition, 
c = 0, at the collector surface could be applied to obtain or = l since 
dp « dc. When deriving a correlation equation for r]D, we could 
assume that interception and gravitation had negligible impact on 
rjo, i.e. TID^IO, because particle size dp was very small. The collector 
efficiency no can then be determined from [44,45) 

nn = - 
4 

3(1 -e)l '"(tr) (13) 

Eq. (13) is obtained by solving Eq. (1) using the assumptions 
that flow is one-dimensional and at steady-state, and longitudinal 
hydrodynamic dispersion, which occurs at the Darcy scale, does not 
significantly affect particle transport [451. 
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(a) - (b) 

1H7 

Fig. 1. CT images of the packing, (a) A vertical and horizontal slice. The red represents the solid phase, and the blue represents the pore space, (b) 3D view. 

For nonspherical grains such as our collector particles, the sur- 
face average equivalent sphere diameter, Dc [m], is often used to 
specify their size: 

0,-f (14) 

where Vc [m
3] is the grain volume, and Sc [m2] is the surface area 

of the grain. We can determine Vc and Sc from the volumetric CT 
images. As we neglect the lubrication effect and van der Waals 
forces (we do not include Nvdw in our correlation), we assume the 
correlation for no to be a function of the porosity./te), the intercep- 
tionnumber,NR = dp/Dc, and the Peclet number NPc = fDc/Dwhere 
U is the Darcy velocity. We use the expressionf(e) = (1 - s)3/s2 to 
model the porosity dependence of no- Such a porosity dependence 
has also been used in a previous study [27) on the collector effi- 
ciency of packings of spheres. The concentration limits, cout = 0 for 
e • 0 and cour = Qn for e ->• 1, are properly captured by our fie). Thus, 
r/o can be written as 

(1 -e) 
(15) 

The coefficients c,, c2. and C3 in Eq. (15) can be determined from 
a multivariate regression analysis on the r)D values obtained from 
a set of the numerical breakthrough experiments in the volumetric 
CT image of the filter material. 

4. Results and discussion 

4.1. Experimental results from X-ray CT 

We imaged a middle layer of the entire column. The MXCT was 
operated with an acceleration potential of 100 keV and an electrical 
current of 80 JJLA. The sample stage was set 65 cm from the X-ray 
source. This setup enabled the X-ray beam to span the 2.54 cm in 
diameter sample and allowed X-rays to reach the detector at a suf- 
ficient intensity. After each scan of the sample, the sample was 
translated vertically to scan a desired sample height. Given this 
setup, the sample was imaged in the x, y, and z-directions with a 
resolution of 0.05045 mm. Given the number of voxels per particle 
diameter, this resolution provides an accurate representation of the 
PVDF beads; accurate representation of similar particles has been 
determined to occur for 10-20 voxels per particle diameter with 
accuracy increasing as the number of voxels per particle diameter 
increases |39|. 

The entire image of the middle layer consists of 519 x 519 x 533 
voxels. MXCT images are 16-bit gray-scale images. A good image 
contrast was obtained due to the X-ray attenuation difference 

between the flattened half spheres and the surrounding air. While 
the gray-scale histogram of the MXCT image has two distinct peaks, 
one for the flattened half spheres and one for the surrounding pore 
space, a percentage of voxels has intermediary values, which are 
difficult to assign to a given population using a simple thresholding 
technique. Therefore, an indicator kriging algorithm was employed 
to convert the entire MXCT image into a 1-bit binary image. This 
algorithm is used to assign voxels that clearly belong to the flat- 
tened half spheres a value of 1 and to assign voxels that clearly 
belong to the pore space a value of 0. The intermediary values are 
assigned a value of 1 or 0 depending upon the gray-scale values of 
the neighboring voxels |28|. Porosity is then readily determined by 
taking the sum of the 0's divided by the total number of voxels in 
the image. Fig. 1 shows that the resulting image provides a realistic 
geometry that resolves the orientation of the PVDF beads and also 
the contact points between the beads. 

Through image analysis, we determined that the middle layer 
had a porosity of 38%. This porosity is lower than the average col- 
umn porosity (43%), indicating that the beads were not uniformly 
packed. Ideally, we should have scanned the entire column to iden- 
tify a region, in which the porosity was about equal to the average 
column porosity of 43%, and then used this region in the filtration 
simulation. It was, however, unrealistic to scan the entire column 
due to the cost of the MXCT measurements. In order to account for 
the difference in porosity, we used the porosity of the middle layer 
when determining the parameters of the correlation equation (15) 
from the LB simulations, because this porosity corresponds to the 
simulation domain. When predicting no of the entire column, how- 
ever, we used the porosity of the entire column in our correlation 
equation. 

4.2. Results for deposition experiments 

Using the strategy explained in [14], we experimentally deter- 
mined conditions for which a = l. The idea is that any particle 
colliding with a collector will attach to it, if the collectors and the 
particles are oppositely charged. Such experiments are performed 
at a relatively high ionic strength in order to avoid a> 1, that is, 
deposition enhancement due to attractive van der Waals forces [9]. 
To prevent particle aggregation, excessively high ionic strengths 
(>5mM) are avoided. 

We conducted particle deposition experiments with the posi- 
tively charged Latex A particles. Since pristine PVDF collectors are 
possibly only slightly negatively charged due to the lack of ion- 
izable function groups on PVDF structures, coating the collectors 
with the surfactant SDS, which possesses a negatively charged sul- 
fate group, should increase the zeta potential and the surface charge 
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Fig. 2. Panicle breakthrough curves for Latex A particles: (a) PVDF beads either 
coated or not coated with surfactant (SDS). (b) PVDF beads are coated with SDS; use 
of three different flow rates. 

density of the collectors [24]. To determine the conditions for which 
ot = 1, we obtained breakthrough curves with the collectors either 
being coated with SDS or not. We used a CaCl2 solution with an 
ionic strength of 1 mM to prevent a> 1. The breakthrough curves 
in Fig. 2(a) show that a is higher for the SDS coated collectors. Thus, 
we concluded that the SDS coated collectors yielded a = 1. Using the 
SDS coated collectors, a set of triplicate deposition experiments was 
performed for three different flow rates. Fig. 2(b) illustrates the flow 
rate dependence of the breakthrough curves. 

4.3. Modeling results 

Pore Volume [-] 

Fig. 4. Numerical breakthrough curve for the simulation illustrated in Fig. 3. 

118| to determine the average surface area of a collector, Sc. from the 
CT image. Likewise, the collector volume, Vc, was calculated from 
the segmented CT image. Using Eq. (14), we obtained Dc = 3.6 mm. 

Because of the computational expense filtration was simulated 
in subdomains of the volumetric CT image. Due to the random- 
ness of the pore structure, r]D differs for different subdomains of 
the porous medium, even if porosity e is the same, as we also 
found in a study on filtration in sphere packings [27]. The mean 
value of nD is expected to remain approximately constant, while 
the variation in rjD is expected to decrease, as the domain size 
increases. The domain size has reached a representative elementary 
volume (REV), once the variation becomes negligible. To account 
for the possibility that the volumes of the subdomains are smaller 
than a REV, we identified four different subdomains, all of which 
have about the same porosity, e = 0.38 ± 0.01. The subdomains 
consist of 250 x 250 x 200, 250 x 250 x 200, 200 x 200 x 300, and 
200 x 200 x 400 voxels and contain between 80 and 105 flattened 
half-spherical collectors. The subdomains have slightly different 
volumes in order to ensure that their four s values fall into the 
prescribed s interval. 

In these four subdomains, we performed a set of numerical 
breakthrough experiments for different values of U and dp. Fig. 3 
illustrates how the particle concentration develops during such a 
numerical experiment. The breakthrough curve is shown in Fig. 4. 
For each value of U and dp, we obtained four different T?D values, 
from which we calculated an average lie value. Those average val- 
ues were then used to develop a correlation equation for nD. We 
determined the coefficients in Eq. (15) through regression analysis 
and obtained 

To determine the coefficients in Eq. (15) we first inferred Dc from 
the volumetric CT image. We used a pore-space analysis software 

r)D = (8.34 ±0.75) H ~£)   M-0.53±0.015M-0.03J0.0175 M-0.ii±U.U13M- 
~'vPe "R (16) 

t = 0 min t = 5.96 min t=11.9 min 

7.6 
10.1       . .    7.6 

mm 12.6   12 8 1(M  mm 12 6   1*6 10-1 
mm ,'°  1ZB mm mm ,2-6  12*    '   mm 

Fig. 3. Particle concentration at selected times t in a packing of flattened half spheres. The color represents the particle concentration and the black represents the solid 
phase. Note that fluid flows from z ~ 0 to z -1.01 cm while the simulation results are displayed oppositely to give a better visualization. Simulation parameters: U - 0.025 u.m/s. 
( -0.38, d„-20nm.and Z.-1.01 cm. 
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Table 2 
Summary of parameters used in numerical simulations. 

Parameter Range 

4, 
£ 

LI 
7 

k 
D, 

P? 

0.02-1 u.m 
0.38 
0.025-1 u.m/s 
298 K 
1.38xl0-"J/K 
3.6 mm 
1.055g/cm3 

Fig. 5 compares the collector efficiency inferred via Eq. (13) from 
individual numerical breakthrough experiments. ns\m. with the pre- 
dictions based on the correlation equation (16), //con-- The good 
agreement between t/s,m and nCon demonstrates the appropriate- 
ness of the functional form of our correlation for t/D. A correlation 
coefficient of R = 0.98 illustrates the good fit. Table 2 summarizes 
the parameters used in the simulations. 

Note that the velocities we used in our simulation vary from 
0.002 to 0.1 m/d and are smaller than the ones we used in the exper- 
iments. This is due to numerical instability which would occur for 
high Peclet numbers or high flow rates. Due to the relatively small 
Peclet numbers used in the simulations, the simulated nondimen- 
sional breakthrough concentrations are small too (see Fig. 4). Even 
though the correlation equation that we developed for no is based 
on simulations with small Peclet numbers, the correlation equation 
can be used to predict filtration experiments performed at higher 
Peclet numbers as demonstrated in a similar study on filtration in 
sphere packings [27]. As in [27) we will use statistical methods to 
quantify the extrapolation error. 

We can also comment on the REV for filtration in a packing of 
flattened half spheres, even though this study has not been specif- 
ically designed to determine this REV. To that end, we would have 
needed to simulate filtration for a wide range of domains sizes, 
as in LB studies of permeability [5.46,29] or in pore-morphology 
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Fig. 6. Comparison of the collector efficiency from the correlation and the experi- 
ments for Latex A particles for three different flow rates: 6.2 mL/min (v). 3.2 mL/min 
(O). and 1.5 mL/min (A). 

based modeling studies of primary drainage [21 ]. We can, however, 
examine the statistics of nD for the simulations in the four statisti- 
cally identical subdomains. A possible definition of REV relates to 
the domain volume, at or above which the relative standard devi- 
ation of the variable of interest is smaller than a user-specified 
percentage, for example, 5% in the permeability study by [29]. 
Table 3 shows that the relative standard deviation of ;/o is a func- 
tion of both Darcy velocity U and particle size dp. The relative 
standard deviation increases with decreasing dp and increasing 
U values. Our simulation domain would constitute a REV for all 
dp and U values presented, if one accepted a 10% standard devia- 
tion. If one accepted a 5% standard deviation, then our simulation 
domain would be a REV only for dp above 200 nm and U below 
2.5 x 10 8 m/s. Hence, depending on the accepted standard devi- 
ation, our simulation domains may constitute a REV or not. We 
accounted for the latter possibility by having performed filtration 
simulations in four different subdomains of the imaged packing of 
flattened half spheres that all have the same porosity e. Simula- 
tions in bigger domains would be desirable and are expected to 
yield smaller error bounds for the coefficients in our correlation 
equation (16). 

Note that our correlation equation given by Eq. (16) accounts 
explicitly for the porosity e. However, the correlation equation is 
based on simulations in packings with a single porosity of 38%. We 
have neither experimental nor numerical data to support the poros- 
ity dependence posited in Eq. (16). Additional investigations are 
necessary to test the porosity term in Eq. (16). We did not perform 
these investigations due to the cost of obtaining CT scans. 

4.4. Comparison ofiio between the correlation equation and the 
experiments 

Fig. 6 compares the collector efficiency measured in the exper- 
iments, t/exp. with the prediction calculated from our correlation 
equation (16), nCOrr- The neXp values reflect the mean values from 
the triplicate deposition column experiments that we performed 
for the three different flow rates. In order to evaluate the pre- 

Table 3 
Statistics of the no values simulated in statistically identical packings of flattened half spheres. 

dp(nm) Relative standard deviation of no l/(m/s) Relative standard deviation of no 
(constant (7-2.5 x 10"8 m/s) (constantdp- lOOnm) 

20 8.42% 2.47 xl0~8 4.95% 
SO 7.86% 6.17 x10~8 7.51% 

100 5.72% 1.23x10"' 8.72% 
200 1.45% 2.47 x 10"' 9.93% 
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Table 4 
Removal efficiency for three different nanoparticle sizes and three different flow 
rates in deposition experiments. 

conditions, the collision efficiency a was calculated as follows [45): 

1  2     dc 

Particle label Flow rate (mL/min) Porosity. £(%) 1- Cout/Cin (*) «H 
Latex B 0.35 43 79 0.24 
Latex B 1.5 43 63 0.32 
Latex B 6.15 43 46 0.42 
Latex C 0.39 43 71 0.28 
Latex C 1.53 43 55 0.38 
Latex C 6.15 •43 40 0.51 
Latex D 0.37 43 70 0.25 
Latex D 1.5 43 45 0.27 
Latex D 6.1 43 34 0.39 

qD3(1-e)L 
In (?) (17) 

dictive capability of Eq. (16), we quantified the uncertainties of 
both the prediction from the correlation equation and the mea- 
sured values. The smaller of the two overlapping vertical error bars 
represents the 95% confidence interval of the prediction of the cor- 
relation equation. In statistical terms, this is the confidence interval 
for the mean response [41. Ch. 12|. If the experimental measure- 
ment was without error, then this error bar should intersect with 
the one-to-one line for the correlation to explain the experimental 
data. This is the case for all the three data points. The mean experi- 
mental nexp values have, however, some error, which we quantified 
by the 95% confidence interval of the mean. Hence, the prediction 
of the correlation equation may deviate from the one-to-one line 
by this confidence interval. In other words, the sum of the errors 
from the correlation and the experimental measurement should 
intersect with the one-to-one line. The bigger of the two overlap- 
ping vertical error bars represents this combined error. As these 
combined errors, and even the confidence intervals of the mean 
response alone, overlap with the one-to-one line, we can conclude 
that the correlation agrees well with the results of the column 
experiments. Correlation equations developed for spherical collec- 
tors [45,40,33] do not and cannot expected to agree well with our 
experimental measurements (comparison not presented) because 
of the difference between spherical and our about half-spherical 
collectors. 

Our comparison between the experimental data and our cor- 
relation equation is hampered by the fact that our column was 
not packed uniformly as exemplified by a spatially variable poros- 
ity. Hence, the measured collector efficiency, r]exp, should depend 
not only on porosity but also on the porosity variation. We could 
not quantify the effect that a non-uniform porosity has on r)D, but 
we expect the dependence of r)D on the porosity variation to be a 
correction to the dependence on e, NPe. and NR. Additional inves- 
tigations, which would involve scanning entire filtration columns 
and testing them for uniform porosity, are necessary to resolve this 
issue. 

We also examined whether our assumption of clean-bed filtra- 
tion was justified. To that end, we assumed that all particles are 
deposited onto the collector surfaces during the entire filtration 
event and estimated the volume of particle deposited. Using a mass 
balance, we calculated a reduction in porosity by 0.00019% when 
flushing a column with one pore volume of nanoparticle-laden 
solution. In the experiments, the columns were flushed with 4-6 
pore volumes. Hence, the porosity was reduced at most by about 
0.001%. This small number justifies the assumption of clean-bed 
filtration. 

4.5. Application of the correlation to predict a 

The negatively charged Latex B, C, and D particles (see Table 1) 
used together with the negatively charged collectors (without SDS 
coating) yield unfavorable chemical conditions with respect to par- 
ticle deposition (significantly lowera values). For these unfavorable 

where Eq. (16) was employed for no- Table 4 summarizes a and 
the removal efficiency 1 - c0uf/c,n for the three particle sizes and 
three different flow rates. As predicted by colloid filtration theory 
[45|, the removal efficiency increases as the flow rate and particle 
size decrease, because in this nanoparticle experiments, particle 
deposition is governed by diffusion while gravitational settlement 
is negligible. 
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